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ABSTRACT
In this manuscript, a new organic PCM with a phase change temperature in the range 128.5-134.6 °C is studied. Then,
it was investigated if the addition of metallic structures can overcome the very well-known PCM low thermal
conductivity issue. Additive manufacturing was used to realize some 3D metallic lattice structures made of AlSi10Mg0403 aluminum alloy, having different base sizes (10, 20, and 40 mm) and constant porosity (PCM volume/aluminum
volume). The samples have 42 x 42 mm2 base area and a total height of 60 mm and they were filled with 60 g of the
new PCM. The samples were experimentally tested by analyzing the temperature field during the charging phase (i.e.
heating and melting), obtained by electrical heating (a heat flux of about 31.25 kW m-2, was applied) and the
discharging phase (i.e. solidification and cooling), where the heat was rejected by natural convection with ambient
still air. Comparing the results obtained using the three 3D periodic structures and an identical sample used as reference
state filled only with the same amount of PCM (no 3D structure inside), it can be concluded that a more homogeneous
temperature distribution in the material and a lower maximum temperature were observed when the periodic structures
were added. Furthermore, the presence of the aluminum structures reduces the total cycle time, allowing to apply this
technology for more efficient latent thermal energy storage solutions.

1. INTRODUCTION
One of the main current technological challenges is to satisfy the global growing demand for energy with a sustainable
and environmentally friendly offer. For this reason, the amount of renewable energy produced is increasing coupled
to the efforts made to optimize and maximize the waste heat recovery. In fact, the waste heat released by industrial
processes if recovered and stored assures a huge potential to exploit for power needs. The main issue is that these
sources are intermittent and not constant.
The interest in Phase Change Materials (PCMs) has been continuously growing, since they were identified as a suitable
way to store large quantities of thermal energy and to couple energy production and demand.
There are currently many available materials that can be used as PCMs. They can be subdivided by material type or
by phase change temperature. In fact, it is essential to select the right material having the phase change temperature
compatible with the desired application.
The literature reports a large number of materials with phase change temperature between 20 °C and 70 °C but only
few materials having higher phase change temperature, e.g. in the range 120 °C-150 °C (Gasia et al., 2017; Haillot et
al., 2011). Yet, this temperature range is now required for a large number of applications, among all low temperature
ORC systems and industrial waste heat recovery.
In particular, Gasia et al. (2017) took into account several materials, pointing out that most of them are harmful to
health (e.g. they are toxic, or they can cause skin or respiratory irritations). It is possible to use salt hydrates, but in
addition to being corrosive to metals, they have several disadvantages such as super cooling and phase segregation. It
is also possible to use organic materials (e.g. adipic acid, benzoic acid, phthalic anhydride etc.) but they also have
similar disadvantages mainly related to low stability.
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In this manuscript, a new PCM with phase change temperature in the range 128.5 °C-134.56 °C is studied. This PCM
is stable, not toxic, nor harmful to health, neither corrosive. However, it presents a low thermal conductivity, which is
a common drawback of almost all PCMs. For this reason, basing on the experience gained by Righetti et al. (2020a,
2020b, 2021), it was decided to increase its heat transfer performance by adding aluminum structures.
With the aim of reducing charging and discharging times and thus making this PCM a suitable material for latent
thermal energy storages, some periodic 3D structures made of aluminum were embedded in the PCM.
Thanks to the additive manufacturing, 3 different geometries with equal porosity (PCM volume/aluminum volume)
and different base size were studied, in order to optimize the geometry, carrying out a comparison with the reference
solution having only PCM and no aluminum structures inside.

2. EXPERIMENTAL SET UP
The experimental setup used for these new tests was already presented in detail in Righetti et al. (2020a). Figure 1
reports a schematic of the setup. Briefly, 60 ± 0.1 g of PCM are contained in an AlSi10Mg-0403 aluminum alloy
sample of internal volume 40x40x40 mm3. The sample is placed over an electric heater providing the required heat
output. In this manuscript, a very high heat flux equal to 31.25 kW m-2 was applied, never tested before on this test
rig. The uncertainty of the electrical power measurement was estimated to be lower than ± 0.5%. The basement was
carefully insulated with glass fiber to limit as much as possible the heat losses to the external ambient.
The samples were manufactured by 3D metal printing. This technology allowed the creation of samples with periodic
3D aluminum structures on the inside to increase the average thermal conductivity of the system. Three different
structures were tested. All of them have a porosity of 0.95 (PCM volume/aluminum volume) but each of them has a
different base size: 40, 20, and 10 mm, respectively. In the rest of the manuscript these samples will be referred to as
"4", "2" and "1", respectively. Then, another sample having the same dimensions and filled only with the same amount
of PCM and no aluminum structures was tested as a reference. "r" is the abbreviation for the reference sample.

Figure 1 Experimental set up and thermocouple positioning
Figure 2 shows the drawings containing the geometric dimensions of the four samples. Further details can be found
in Righetti et al. (2020a).
The temperature of the PCM during charging and discharging phases was monitored every 1 s using four T-type
thermocouples (uncertainty ± 0.1 K) named t6, t7, t8, and t9. The positions of these thermocouples are shown in Figure
1. In addition, one thermocouple (t1) was inserted into a hole drilled in the aluminum base, 1 mm below the surface.
The samples were placed inside a climatic chamber that kept the air temperature constant at 20.0 ± 0.2°C.
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Figure 2. 2D drawings of the samples.

3. PCM CHARACTERIZATION
Figure 3 reports the measurements of phase change temperature and latent heat of the new organic PCM during the
charging and discharging phases. The measurements were obtained on a small sample by differential scanning
calorimetry (DSC) with a scanning rate of 1 K min-1. During the melting a phase change temperature peak of 128.5
°C and a latent heat of 220.1 kJ kg-1 were measured. While, during the solidification, a phase change temperature
peak of 134.56 and a latent heat of 225.8 kJ kg-1 were registered.
In addition, a density of 1200 kg m-3 and a specific heat of 2.06 kJ kg-1K-1 at 100 °C and 2.92 kJ kg-1K-1 at 160 °C
were measured by the manufacturer. No additional information can be disclosed due to IP reasons.
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Figure 3. DSC measurements of PCM phase change temperature and latent heat.
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4. EXPERIMENTAL RESULTS
4.1 Test procedure
The charging phase starts with the average sample temperature equal to 25.0 ± 0.1 °C. A constant electrical heat
flux of 50 W (31.25 kW m-2) is applied from the bottom base until the complete PCM melting. It was decided that
the end of the charging phase was reached when all thermocouples were at a temperature higher than 136 °C, about
one degree above the measured phase change upper range temperature. As soon as the charging phase is completed,
the power supply is switched off and the discharging phase begins. Here the samples are solidified and cooled down
due to the natural convection with the colder ambient air (20.0 ± 0.2 °C). The discharging phase ends when all the
PCM thermocouples measure a temperature below 40 °C.
4.2 Results discussion
Figure 4 shows the charging and the discharging time for each sample investigated. The reference sample, the one
containing only PCM, has a charging time on average about 22% longer and a discharging time on average about
15% longer than the others lattice samples. Besides, there are no significant differences in charging and discharging
times among the three 3D aluminum structures.
From this initial analysis, it is possible to state that the addition of metal structures can shorten the total cycle time
and make this technology more appealing to be applied in real cases.
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Figure 4 Total cycle time (charging + discharging time) for each sample and each studied working condition.
Figure 5 compares the temperature profiles measured within the PCM (t6, t7, t8, and t9) located in the reference
sample and in the 10 mm sample during the charging phase. In both test samples, the temperature t6 (the closest to
the heated basement) is the hottest, followed by t7, t8 and finally t9. So, it can be stated that the temperature field
evolves parallel to the heated base. However, it can be observed that the difference between the minimum and
maximum temperature is higher in the reference sample (up to 55 K in the reference sample, 16 K in the 10 mm
sample). Therefore, the presence of the 3D structures makes the temperature in the PCM more uniform.
Figure 6 shows a comparison of the average temperature inside the PCM (average value of the thermocouples t6,
t7, t8, and t9) on the four test samples studied during the charging phase. Contrary to the local temperatures, it can
be seen that the average temperature in the reference sample is closer to the ones in the samples containing the 3D
structures. The reference sample has a lower temperature (the maximum difference is 15 K compared to the 40 mm
sample). Furthermore, the average temperature at the end of the charging phase is about 6 K higher when the
reference sample is used. This is due to a worst temperature homogeneity and a longer charging time. In fact, as
already noted, the reference sample takes a longer time to complete the charging phase (+22 % with respect to the
40 mm sample).
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Figure 5 Temperature trends within the PCM (t6, t7, t8, and t9) in the reference sample and the 10 mm sample
during the charging phase.
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Figure 6 Average temperature inside the PCM in the four test samples studied during the charging phase of
the test conducted at 50 W.
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Figure 7 presents the average temperature of the PCM during the discharging phase of all the samples. To compare
these tests, it was decided to start the discharging phase at the same average temperature (143 °C). No significant
differences were observed in the total discharging time. The 10 mm test is the first to complete the discharging
phase while the reference test is the last, after a 7% longer time. In the zoom, it can be clearly seen the area in
which the phase change started around 130 °C. No subcooling was detected.

Figure 7 Average temperature of the PCM during the discharging phase of all the samples.

5. CONCLUSION
In this paper, new experimental tests were carried out using a new organic PCM having a phase change temperature
in the range 128.5-134.6 °C proposed for ORC cycles and waste heat recovery. This material is stable, not toxic,
nor harmful to health, neither corrosive. But as many others PCMs, it has a low thermal conductivity, so it was
proposed to improve the phase change performance by adding three-dimensional periodic aluminum structures.
Three geometries with the same porosity and different base sizes were compared against a sample containing only
PCM. An electrical heat flux equal to 31.25 kW m-2 was applied during the charging phase. The discharging phase
was carried out in still air by natural convection.
It was found that:
- the reference sample has a charging time on average about 22% longer and a discharging time on average about
15% longer than the others lattice samples
- from the analysis of the measurements of the four thermocouples embedded in the PCM, the temperature field
evolves parallel to the heated basement and the presence of the 3D structures makes the temperature in the PCM
more homogeneous;
- the average temperature during the charging time is on average lower in the reference sample (maximum 15 K)
but, at the end of the charging phase it is about 6 K higher when the reference sample is used. This is due to a worst
temperature uniformity and to a longer charging time;
- there are no significant differences in the total discharging time, the discharging time length of all the tests is
within a 7% variation.
Some of the tests carried out in this study are similar to some published by Righetti et al. (2020 a and b) on the
same structures but with materials having lower phase change temperatures (55 °C and 70 °C) and lower heat fluxes
(from 6.25 to 18.75 kW m-2). Different behavior was observed between the series of data. Therefore, it can be
concluded that the use of metal inserts undoubtedly improves the functioning of the latent heat storages but that it
is necessary to investigate more in detail the correlation between PCM properties, working conditions, and the
metal inserts effects.
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